The neural control of movements in vertebrates is based on a set of modules, like the central pattern generator networks (CPGs) in the spinal cord coordinating locomotion. Sensory feedback is not required for the CPGs to generate the appropriate motor pattern and neither a detailed control from higher brain centers. Reticulospinal neurons in the brainstem activate the locomotor network, and the same neurons also convey signals from higher brain regions, such as turning/steering commands from the optic tectum (superior colliculus). A tonic increase in the background excitatory drive of the reticulospinal neurons would be sufficient to produce coordinated locomotor activity. However, in both vertebrates and invertebrates, descending systems are in addition phasically modulated because of feedback from the ongoing CPG activity. We use the lamprey as a model for investigating the role of this phasic modulation of the reticulospinal activity, because the brainstem-spinal cord networks are known down to the cellular level in this phylogenetically oldest extant vertebrate. We describe how the phasic modulation of reticulospinal activity from the spinal CPG ensures reliable steering/turning commands without the need for a very precise timing of on-or offset, by using a biophysically detailed large-scale (19,600 model neurons and 646,800 synapses) computational model of the lamprey brainstem-spinal cord network. To verify that the simulated neural network can control body movements, including turning, the spinal activity is fed to a mechanical model of lamprey swimming. The simulations also predict that, in contrast to reticulospinal neurons, tectal steering/ turning command neurons should have minimal frequency adaptive properties, which has been confirmed experimentally.
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large-scale modeling | compartmental modelling | full-scale model | MLR I n many vertebrate and invertebrate motor systems, a phasic modulation occurs in the descending control system determining the level of activity (1-3) during rhythmic movements. The physiological role of this modulation has remained enigmatic, because it has been shown that tonic activity is sufficient to effectively drive motor activity like locomotion. One example is the reticulospinal neurons in the brainstem that serve as the major interface between higher level commands and the networks in the spinal cord in all vertebrates from lamprey to primates (4) (5) (6) . In this study, we investigate the motor system of the lamprey, belonging to the most ancient group of vertebrates that has been investigated in considerable detail not only at the brainstem-spinal cord level but also with regard to the forebrain systems underlying the control of action (2, 7, 8) . A bilateral symmetric activation of reticulospinal neurons will activate the locomotor networks in the spinal cord, resulting in coordinated swimming movements (2, (9) (10) (11) . The reticulospinal neurons act on the excitatory and inhibitory network interneurons in the spinal cord through NMDA and AMPA receptors (12) . Most reticulospinal neurons can be involved in several motor patterns (13) . Whereas a bilaterally symmetric activation leads to locomotion, a unilateral addition of excitation to one side will enhance motor activity on this side and result in turning. This is the basis of steering during locomotion (14) .
The phasic modulation of reticulospinal neurons is most pronounced in the fastest-conducting group involved in steering (15) . It results from feedback from the network neurons in the rostral segments of the spinal cord during locomotor movements, so that the reticulospinal neurons become active in phase with those segments, and during the inactive period they are instead inhibited (15) (16) (17) (18) (19) . This feedback is conveyed to reticulospinal neurons via ascending spinobulbar neurons (15) (16) (17) (18) (19) (20) that provide an "efference copy" regarding the cycle-to-cycle activity in the locomotor network. Spinobulbar neurons (21) provide the excitatory and inhibitory drive to reticulospinal neurons, resulting in modulation of their activity in phase with the ipsilateral rostral parts of the spinal cord (21, 22) and this forms a closed spinoreticulo-spinal loop (17) .
Visuomotor coordination (23) and steering results from activation of tectal output neurons that monosynaptically activate reticulospinal neurons (24, 25) , which represent the interface between tectum and the spinal cord networks. Here, we focus on the role of the phasic modulation of the reticulospinal neurons. We show that the phasic modulation of the reticulospinal cells is advantageous in that the steering commands from tectum become gated and thereby arrive in the correct phase of the locomotor cycle. The tectal commands, therefore, need not be timed very precisely in relation to the locomotor cycle. The reticulospinal modulation ascertains that the command signal will be accurately timed provided that the tectal command signal itself remains constant and thus has a limited spike-frequency adaptation, which indeed applies to the tectal output neurons as shown here experimentally (25) . We explore the effect of steering signals through a combined simulation-experimental
Significance
In many vertebrate and invertebrate species descending motor commands are phasically modulated in synchrony with rhythmic movements. The physiological role of this modulation has remained enigmatic. We report here, from the lamprey locomotor system, that steering signals from for instance tectum can be gated by a downstream locomotor-related modulation of the reticulospinal command neurons. Such gating will ascertain that the steering commands will be transmitted in the appropriate phase of a swimming cycle and be suppressed outof-phase. Another consequence of this mechanism is the relative independence of the motor response on the timing of the steering signal.
approach. Biologically detailed lamprey spinal cell models (26) are used in large-scale simulations of the locomotor network (7) to replicate electric activity in command centers and the spinal cord. A mechanical model of swimming (27, 28) is used for a quantitative evaluation of the locomotor response.
Results
In a previous full-scale model of the lamprey spinal locomotor system (7), we used biophysically realistic models of each type of neuron [compartmental model (26) ] with a realistic number of cells. Using this network model as a basis (Materials and Methods), we now introduce phasic modulation of the reticulospinal neurons (from the spinal locomotor network) and explore the complementary effects that this addition introduces, in particular in relation to the input from the optic tectum related to steering. The compartmental cell model is shown in Fig. 1A , and the network scheme in Fig. 1B is in detail based on the biological findings (2) . In addition to extending the network model, we also add a mechanical model (29) directly controlled by the neural network. Using such a combined neuromechanical system provides critical information on how the neural system accomplishes the steering control ( Fig. 1C and Materials and Methods).
The locomotor network is activated from the mesencephalic locomotor region (MLR) and through bilateral activation of the reticulospinal neurons that activate the spinal central pattern generator network (CPG) (shaded area in Fig. 1B ). The most common locomotor pattern is a wave of alternating left-right neuronal firing, which travels along the spinal cord from head to tail with a constant intersegmental phase lag and a characteristic wavelength of approximately one body length (Fig. 1) . Fig. 2A shows a spike raster plot of neurons in MLR that drive the network activity and are tonically active, whereas the reticulospinal cells on the left and right side are modulated in phase with the rostral population of excitatory and inhibitory interneurons on either side of the spinal cord. The modulation of the reticulospinal neurons is attributable to the feedback projections from the spinal cord, as shown in Fig. 1B . Note the delay from head to tail of the activity of the spinal excitatory interneurons that in turn activate the segmental motoneurons (E and M in Fig. 1B ).
In the neuromechanical simulation ( Fig. 2B ), the activity of motoneurons is integrated to continuous signals using leaky integrators (10 segmental motor outputs from head to tail are used) and directed further to the "muscles" of the segmental mechanical model (Materials and Methods). Waves of the leftright alternating electrical activity is translated to coordinated lateral movements of the body, and it makes the model lamprey swim in simulated water. When a symmetric activation of the reticulospinal system is provided (Fig. 1B) , forward swimming will result, as in Fig. 2C .
Steering in the model is achieved via a recruitment of neurons in the left (TL) or right (TR) parts of the tectum, which project contralaterally to the right and left reticulospinal neurons, respectively (Fig. 1B) . The turning command is simulated as a depolarizing pulse with fixed amplitude and duration applied to TL or TR neurons. This results in a temporary increase of the firing rate of the corresponding reticulospinal population (bottom trace in Fig. 2B ) and a lateral turn, as in Fig. 2D .
Although the effect of a turning command is reflected in perturbations of the firing rates of the spinal interneurons and related motor outputs, these changes are distributed among multiple signals and may also be very subtle (see, for example, responses to a 150-ms-long turn command in Fig. 2B ), and thus the integrated role of the activity changes is difficult to estimate quantitatively. Because of this, it is important to use a mechanical model to allow a direct observation and measurement of the resulting motor responses to different steering commands. The magnitude of the response to a turning command is defined as the turning angle measured between swim directions one cycle before and one cycle after the turning cycles (during which the turn command is applied), as shown in Fig. 2E . In the present study, the magnitude of the turning response is analyzed as a function of cellular and network properties (spike-frequency adaptation in tectal neurons and feedback modulation of reticulospinal neurons) and parameters of the turning command: phase, duration, and amplitude.
Role of Spike-Frequency Regulation in the Tectal Turning Command.
The turning command from tectum is conveyed via the reticulospinal neurons, which are in turn modulated in phase with the rostral spinal segments on the same side ( Fig. 2A) . The tectal command would need to arrive during the active phase of reticulospinal neurons to be effective, because a brief signal applied in the phase dominated by inhibition would not change their firing significantly. However, if the tectal command signal lasts during a full cycle this would ascertain that it covers the phase during which the reticulospinal neurons are active. There would be one further requirement; the command signal from tectum would need to be constant throughout this period. This provides the possibility of a simple command, which would give the same effect irrespectively of whether it affects one cycle or two parts of consecutive cycles of reticulospinal activity. In lamprey tectal neurons, there is merely a weak adaptation. Fig. 3A shows the firing response of a tectal output neuron to long current pulses and the corresponding model neurons. Spikefrequency adaptation is much less pronounced than in lamprey motoneurons or interneurons (30, 31) . Also in frogs or Xenopus tadpoles (32, 33) , tectal output neurons show little or no spikefrequency adaptation.
In contrast, in lamprey reticulospinal and spinal neurons, spikefrequency adaptation is prominent and determined to a large degree by the afterhyperpolarization following the action potential, which is attributable primarily to calcium-dependent potassium channels (K CaN ) and slow sodium-dependent potassium channels (K NaS ) and facilitated by low-voltage activated Ca 2+ channels (Ca v1.3 ) (26, 31, 34) . Output of a matching tectal model to the neuron in Fig. 3A is shown in Fig. 3B , with only 10% of the standard value (26) of K CaN and K NaS conductances and no Ca LVA current. Properties of the spinal and reticulospinal neurons have been matched in previous studies (7) and have not been changed in the present simulations.
To quantify the influence of spike-frequency adaptation, we simulated turning responses in the model network for different levels of spike-frequency adaptation in tectal neurons (Fig. 3C) . The turning angle (Fig. 2E) was measured for the same turning command (duration around one cycle) with an onset at different phases of the locomotor cycle. With no spike-frequency adaptation (Fig. 3C, upper graph) , the resulting turning angle was more uniform across different turn phases and the variability was much reduced compared with the case when a substantial spikefrequency adaptation was used (Fig. 3C, lower graph) . For the remaining part of the study, if not mentioned otherwise, tectal neurons without spike-frequency adaptation were used.
Turning Angle as a Function of Tectal Command Amplitude and
Duration in Relation to the Cycle Duration. Fig. 4 shows the variability in turn angle for turn commands with a constant amplitude and a duration of 0.7 (Fig. 4A ), 1.0 (Fig. 4B) , and 1.4 (Fig. 4C) times the cycle duration (see also Figs. S1-S3). The variability is much lower when the time coincides with the cycle duration (T in Fig. 4B ) but substantially larger at both 1.4 and 0.7 T. At 1.4 T, the command will affect not only one full cycle but also part of the following cycle, and therefore the turning angle becomes larger, and conversely with a shorter command the turning angle will be reduced (Fig. 4A) . The average turn angle increases linearly with the duration of the turn command (Fig. 5A) , and the variability is the smallest at T and 2T, as expected from Fig. 4 (compare with Fig. S4 ).
The average turning angle increases almost linearly with turn command amplitude above a threshold, as shown in Fig. 5B . Turn variability is more uniform along the curve and does not change much until at the largest turning amplitudes.
Locomotion Elicited by a Tonic or Modulated Reticulospinal Activity.
Well-coordinated locomotor activity can be induced via a tonic excitatory drive to spinal networks, without the phase-dependent modulation of the reticulospinal neurons. To explore whether the phase-dependent modulation of the reticulospinal neurons would affect the characteristics of the locomotor activity, we compared the amplitude of the locomotor bursts in the rostral section (mostly affected by the phasic drive). It is clear from Fig. 6 that the amplitude of the locomotor bursts were significantly increased with reticulospinal modulation, and therefore this cyclic modulation of the reticulospinal neurons during locomotion also contributes to the performance and stability of the locomotor network (compare Fig. 5A and Fig. S5 ).
Discussion
In this study, we have simulated the brainstem-spinal cord network underlying locomotion with realistic numbers of cells with appropriate cellular properties. Moreover, we have used this neural network to control a mechanical model of the swimming lamprey. This has been important for elucidating the characteristics of the commands underlying steering. We have focused on one particular problem, the role of the cyclic modulation of the reticulospinal neurons that occur during locomotion. This is a characteristic of many motor systems, but the potential advantage of the cyclic modulation has remained enigmatic. During steering of the locomotor movements to the left or right, the reticulospinal activity is transiently elevated on one side leading to a bending of the trunk and a change of the direction of swimming. The facilitation of the reticulospinal activity must be correlated to the ongoing locomotor activity and in particular the motoneuronal activity in the rostral segments. A steering command from for instance the optic tectum would have to be timed to occur in the appropriate phase of the movement, particularly if the reticulospinal activity was tonic and not phasically modulated. The problem of the timing would be an additional challenge for the neural control system, which would require more complicated processing. By incorporating a phasic modulation of the reticulospinal neurons that project to a large part of the spinal cord, the problem of timing is substantially reduced. The steering command signal will be gated at the reticulospinal level, so it will automatically facilitate the reticulospinal activity in the appropriate phase.
We discovered an additional restriction in the tectal command signal in that it needs to be at a similar level throughout the command. If the command signal were to show substantial spikefrequency adaptation, the effect on the reticulospinal neurons would differ in the early, compared with the late part of the tectal command signal. Therefore, an additional requirement suggested by the simulations would be that the neurons that provide the tectal command display little or no frequency adaptation. The output neurons of tectum responsible for monosynaptic activation of the reticulospinal neurons and the steering commands indeed have a very limited spike-frequency modulation in both lamprey and other vertebrates. We also used simulations to show that with such a control signal, the steering commands were quite reproducible, as long as the steering command had a duration of approximately one cycle. This means that reproducible steering movements can be achieved by a steering command that does not need to be timed very accurately: the phasic modulation of the reticulospinal neurons ascertains that the timing will be appropriate.
We have also shown that the cyclic modulation of the reticulospinal neurons, which occurs in phase with the most rostral segments, also influences the stability and amplitude of the motoneuronal activity and also has a pacing effect on the spinal excitatory neurons that are responsible for the segmental burst generation.
Materials and Methods
Cell Model. A detailed compartmental model of lamprey locomotor network neurons (26) is used with simulation of the different ion channel subtypes found experimentally. The original model is in ModelDB (available at http:// senselab.med.yale.edu/modeldb; accession no. 93319). The cell morphology is simplified in that the small adjacent membrane compartments are lumped together to make longer cylinders. The cell membrane of the simplified model contains 16 compartments: a soma, axon initial segment, and 2 primary, 4 secondary, and 8 tertiary dendrites (Fig. 1A) . Input resistance is 52 MΩ. Ion current kinetics and conductance distribution are unchanged, for a template cell. The same template cell is used for all types of neurons in the simulation, with necessary modifications, as stated.
Synaptic channels are distributed uniformly among specified compartments, as shown in Fig. 1A . Inhibitory (glycinergic) synapses are located on the soma and proximal primary dendrites, with synaptic conductance g syn = 1 nS. Excitatory (AMPA and NMDA) synapses are placed on all compartments except axon initial segment, with synaptic conductance (g syn ) of 0.25 and 0.12 nS for AMPA and NMDA synapses, respectively. Other synaptic parameters are set according to (7, 35) .
Neural Network. The neural network is built of inhomogeneous populations of neurons (19,600 in total) distinguished by the types of synaptic projections they make and receive. Random uniform variability of ±50% is applied to passive membrane parameters (R m and C m ), decay time constants of ionic pools (Na + and Ca 2+ ), and channel conductances responsible for spike-frequency adaptation (K CaN and K NaS ) as in ref. 7 . The code is available at http:// senselab.med.yale.edu/modeldb (accession no. 151338).
Neurons are distributed randomly within a volume corresponding to the spinal cord (100 mm × 2 mm × 0.25 mm) and parts of the brainstem they occupy (4 mm × 2 mm × 0.25 mm), which ensures variability of synaptic delays. Conduction velocity is 0.7 m/s for excitatory projections and 1 m/s for inhibitory projections; minimal synaptic delay is 1 ms.
Populations of 4,000 motoneurons (M), 6,000 excitatory (E), and 4,000 inhibitory (I) interneurons are distributed symmetrically along the left and the right sides of the spinal cord. The spinal network is conventionally divided to 100 segments, each with its own pair of ventral roots. As shown in Fig. 1B , E cells make ipsilateral asymmetric projections up to four segments rostrally and eight segments caudally. Inhibitory cells make contralateral projections, 5 segments rostrally and 15 segments caudally. Motoneurons integrate excitatory and inhibitory activity and provide motor output to the muscles. In the simulation, 10 motor output nodes built of a single passive compartment with synaptic channels are set on each side to integrate spikes from M cells , 8 mm) .
In the simulation, activity of reticulospinal neurons is controlled by the neurons in tectum and in mesencephalic locomotor region (MLR), 4,000 cells in total. Within the tectum, left and right tectal neurons (TL and TR) are considered which project to the right and left reticulospinal populations, respectively. Stimulation of MLR evokes tonic bilateral activation of the network and causes forward swimming (at 8.1 Hz for 0.5 nA dc). Stimulation of either TL or TR evokes turning (0.4-0.6 nA dc for the duration of 40-300 ms).
Mechanical Simulations. Continuous drive from the output nodes of the neural network is fed to the mechanical model (27) to control body movements in the swimming plane. The mechanical model consists of linear links connected by 10 joints. Proportional activation of every muscle is translated to a pair of torques applied to adjacent links, as shown in Fig. 1C . Resulting movement of the body is the net effect of all muscular torques, viscosity, and stiffness of the joints and resistance of the water. As in ref. 27 , linear models for muscles and water resistance are used. Parameters of the mechanical setup are adapted from the salamander simulation (28) , with reduced stiffness and damping in the body joints (10%) to replicate the characteristic cone-shaped body profile during forward swimming (Fig. 2C) .
Simulation Platform. Simulations of neural activity are done using the GENESIS neural simulator (36) . To solve the differential equations, an implicit hsolve method (37) with an integration time step of 50 μs is used. All network simulations are performed on a CRAY XE6 parallel supercomputer. Mechanical simulations and graphical visualization are done on a Linux platform using Python scripting interface to Open Dynamics Engine library (available at www. ode.org).
Electrophysiology. Whole-cell patch recordings from identified middle rhombencephalic reticular nucleus (MRRN) projecting tectal cells were obtained from transverse lamprey tectal slices of 350-to 400-μm thickness maintained in cold (5-6°C) artificial cerebrospinal fluid. Fluorescent dextran dye injections into the area of the reticulospinal cells in the MRRN were performed to retrogradely label cells in the tectum, which were subsequently identified with the use of a mercury amp. Spiking was induced in these cells after progressively increasing positive intracellular current injections (5-10 pA) of 1 s in duration.
